The central California coast is a highly productive, biodiverse region that is frequently aVected by the toxin-producing dinoXagellate Alexandrium catenella. Despite the consistent presence of A. catenella along our coast, very little is known about the movement of its toxins through local marine food webs. In the present study, we investigated 13 species of commercial WnWsh and rock crabs harvested in Monterey Bay, California for the presence of paralytic shellWsh toxins (PSTs) and compared them to the presence of A. catenella and PSTs in sentinel shellWsh over a 3-year period. 
Introduction
Paralytic shellWsh toxins (PSTs) are produced by members of the dinoXagellate genus Alexandrium and consist of a suite of neurotoxins that are known to adversely aVect human health and marine wildlife. Saxitoxin (STX) is the most potent of the PSTs. Human intoxication usually occurs through the consumption of PST-contaminated shellWsh and results in a syndrome called paralytic shellWsh poisoning (PSP) that can, in acute cases, lead to death. The seriousness of this problem was recognized in the 1920s after a PSP outbreak in California killed six people and sickened nearly a 100 more (Meyer et al. 1928; Sommer and Meyer 1937) . This PSP event eventually led to the institution of extensive shellWsh monitoring programs in the US and resulted in the establishment of a regulatory limit of 80 g STXeq 100 g ¡1 of shellWsh, currently still in use (Price et al. 1991; Wekell et al. 2004) .
Although shellWsh appear to be the most serious vectors of PSTs to humans, the accumulation of these toxins 123 in other Wlter-feeding organisms and the subsequent trophic transfer to higher-level predators is a global phenomenon that has resulted in severe mortality events involving WnWsh, marine mammals and seabirds (McKernan and ScheVer 1942; White 1977 White , 1980 Hortsman 1981; Geraci et al. 1989; Montoya et al. 1996; Pitcher and Calder 2000) . Zooplankton and planktivorous Wsh are a primary vector of PSTs in many ecosystems, and, as with bivalves, can provide a direct link between the toxic cells and higher trophic levels (Teegarden and Cembella 1996; Pitcher and Calder 2000; Turner et al. 2000; Durbin et al. 2002; Doucette et al. 2005) . Several reports indicate zooplankton and/or planktivorous Wsh serve as an important step in the transfer of PSTs involved in kills of Argentine mackerel (Mianzan et al. 1997) , Atlantic herring (White 1977; 1980) , Atlantic salmon (Sephton et al. 2007 ) and even humpback whales in the Gulf of Maine (Geraci et al. 1989) . Although rare, human illnesses and fatalities have been directly attributed to the ingestion of PSTs contained in toxic planktivorous Wsh in Southeast Asia and Papua New Guinea, where it is customary to consume the entire Wsh (MacLean 1979; Halstead and Schantz 1984; Kao 1993) . In addition to pelagic food webs, PSTs have also been detected in crabs and lobsters in the US, Canada, and Japan, providing evidence for toxin exposure to benthic communities (Oshima et al. 1984; Desbiens and Cembella 1997; Shumway 1995; Oikawa et al. 2002 Oikawa et al. , 2007 Sephton et al. 2007) . A thorough review of PSTs in marine organisms is given in Lansberg (2002) .
Since the inception of the California biotoxin monitoring program [California Department of Public Health (CDPH)], it has become clear that elevated levels of PSTs in shellWsh occur on a nearly annual basis (Price et al. 1991; Horner et al. 1997) . Interestingly, and unlike other regions frequently aVected by PSP events, there is no evidence that PSTs have sickened or killed Wsh, mammals or birds in the monitored region. In fact, the extent to which these toxins are transferred through local food webs is virtually unknown. The most extensive food web survey of PSTs in this region, by Sommer and Meyer (1937) , tested various invertebrates that co-occur in nature with mussels, including common species of barnacles, limpets, snails, chitons, sea stars, sea urchins, worms and sea anemones. Based on the toxin detection methods available at the time, the authors reported the possibility of trace levels of toxin in sea stars, limpets and chitons. However, they remained cautious about their results, suggesting that the analysis be repeated, and concluded that it was unlikely that "poison" levels (i.e. PSTs) in these other invertebrates would exceed that in mussels (Sommer and Meyer 1937) . To date, the only organisms conWrmed to regularly acquire PSTs in California are a variety of shellWsh species and, at least periodically, the common sand crab (Emerita analoga) (Sommer 1932; Sommer and Meyer 1937; Price et al. 1991) . Though not routinely monitored, Bretz et al. (2002) suggest that PST levels in sand crabs are comparable to those in adjacent mussel beds and could be a useful indicator species along sandy coastlines where shellWsh are absent.
Although little is known about the transmission of PSTs through the food web in this region, the occurrence of another algal toxin, domoic acid (DA), can lend insight into potential routes of trophic transfer. Along the California coast, the transfer of DA through planktivorous Wsh, PaciWc sardines (Sardinops sagax) and northern anchovies (Engraulis mordax), has been the cause of serious seabird and marine mammal mortalities (Fritz et al. 1992; Work et al. 1993; Lefebvre et al. 1999; Scholin et al. 2000 ). An increased interest in the movement of DA through the food web resulted from these events and DA has since been detected in several organisms, including benthic invertebrates, crabs, krill, squid, XatWsh and even whale feces (Langlois et al. 1993; Bargu et al. 2002; Lefebvre et al. 2002a; Goldberg 2003; Vigilant and Silver 2007; Bargu et al. 2008) . The presence of DA in these animals demonstrates that they are susceptible to the uptake of algal toxins. These Wndings, along with the knowledge that PSTs have been detected in many of these animals in other regions, e.g. zooplankton (Turner et al. 2000; Doucette et al. 2005) , crabs (Shumway 1995) , planktivorous Wsh (White 1977 (White , 1980 Pitcher and Calder 2000) and whales (Geraci et al. 1989) , suggests that PSTs may also be present in California food webs to a further degree than we are currently aware of.
Our intent in the present study was to investigate organisms that are potentially accumulating PSTs oV the California coast, with the goal of gaining a better understanding of potential routes of trophic transfer. The coastal upwelling region of Monterey Bay is a highly productive area that supports a diversity of resident and migratory wildlife, as well as important commercial Wsheries. Here, we present data collected over a 3-year period in Monterey Bay on the presence of PSTs in several species of commercially harvested WnWsh and rock crabs compared to the presence of A. catenella and PSTs. Among those Wsheries we studied were those that harvest sardines and anchovies, operations whose combined landings in 2006 made up 43% of a $6.4 million Wshery in California (California Department of Fish and Game Marine Region 2007). Given the eYciency with which these planktivorous Wsh vector algal toxins to higher trophic levels, it follows that they can pose a potentially serious threat to secondary consumers in the presence of local toxin-producing cells.
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Materials and methods
Phytoplankton sampling and identiWcation
From January 2003 to December 2005, weekly surface water samples were collected using a bucket at two sites within Monterey Bay, California ( Fig. 1) : nearshore at the Santa Cruz wharf (SCW; 36.95 N, 122.02 W) and oVshore at the Monterey Bay Aquarium Research Institute's M1 mooring (36.75 N, 122.02 W) . SCW water samples were immediately transported to the lab for processing, while M1 samples were collected midday aboard the R/V Pt. Lobos, stored in a dark cooler, and transported to the lab for processing approximately 6 h after collection. Upon arrival, a 10-100 ml subsample of well-mixed surface water was Wltered and preserved for identiWcation and enumeration of A. catenella using whole-cell oligonucleotide probes according to Scholin (1998, 2000) and Scholin et al. (1994) . The probe (NA-1) used in this study has been shown to cross react with A. tamarense and A. fundyense (Scholin 1994) . We use the designation of A. catenella throughout the paper because the cross reacting species are not known to occur along the California coast and Xuorescent microscopy, indicated the frequent presence of chains, also supportive of the A. catenella designation (Balech 1995) . To determine the concentration of particulate PSTs, an additional 1 L surface water sample was collected, Wltered on 47 mm, 0.45 m nitrocellulose Wlters (Millipore Corp., Bedford, MA, USA), and the Wlters stored at ¡20°C until extraction. One to three Wlters were used for each 1 L sample depending on the density of particulate matter present in the seawater. The term "particulate PSTs" refers to toxin levels contained within the phytoplankton cells sampled and does not include potential extracellular toxins that may be released into the water column. In preparation for toxin analysis, slightly thawed Wsh were dissected and the viscera of multiple specimens from each species removed, pooled and homogenized to provide one representative sample per species per sampling day. The total number of days sampled was 21 for sardines, 21 for anchovies and 3 for herring. The species and quantity of Wsh varied based on the day's catch and ranged from 8 to 90 individuals for anchovies, 4-34 individuals for sardines and 3-25 individuals for herring (S1). Aliquots of homogenized viscera were placed in 50 ml conical tubes and frozen for later toxin analysis. A brief summary of these data was presented in Jester et al. (2008a) .
In addition to planktivorous Wsh, we also analyzed viscera samples from bottom-dwelling XatWsh collected during a co-occurring study of DA accumulation in benthic Wsh; sampling and processing details are described in Vigilant and Silver (2007 (C. productus) were periodically trapped at SCW (ca. 8-10 m depth) by lowering baited cages to the seaXoor. A total of 19 dates were sampled for red rock crabs and 10 for brown rock crabs, and on most occasions only a single crab was captured (S1). Whole crabs were frozen upon collection and maintained at ¡20°C until dissection. The hepatopancreas 
123
of all specimens of each species collected on the same day were removed, pooled by species (if n > 1) and thoroughly homogenized prior to toxin analysis. Mussels (Mytilus californianus) were chosen as a sentinel shellWsh species and were collected weekly for comparison with A. catenella densities and PST levels detected in water samples, Wsh and crabs. Since our nearshore site, SCW, is not in close proximity to accessible shellWsh beds, mussels were harvested from a rocky intertidal beach north of Santa Cruz (Davenport Landing; 37.02 N, 122.21 W), placed in mesh bags (ca. 30 mussels) and suspended from the wharf a minimum of 7 days before collection. Each week, the contents of one mesh bag of SCW mussels were shucked, homogenized using a standard kitchen blender, frozen at ¡20°C and shipped to the CDPH where they were analyzed for the presence of PSTs by the standard mouse bioassay (as described in AOAC 2000). These shellWsh data are available online in the form of monthly reports at the CDPH biotoxin monitoring program website: http:// www.cdph.ca.gov/healthinfo/environhealth/water/Pages/ Shellfish.aspx. Because all other animal tissues were measured via receptor-binding assay (see below), a more sensitive method than the mouse bioassay, the toxin concentrations in mussels should not be directly compared to those we report in Wsh and crabs. Mouse bioassay results can, however, be used to indicate the general presence of PSTs in the food web and the magnitude of toxicity.
Toxin detection in phytoplankton and animal tissues
To extract PSTs from Wltered seawater samples, 3.0-5.0 ml of 0.1 M glacial acetic acid were added to frozen, macerated Wlters. After the addition of extraction solvent, samples were sonicated on ice for 2 min and then centrifuged at 4000£g for 10 min. The resulting supernatant was stored in a sealed vial at ¡20°C until analysis.
Paralytic shellWsh toxins were extracted from Wsh viscera and crab hepatopancreas within 4 weeks prior to analysis following the AOAC (2000) protocol used for analyzing shellWsh. Equal volumes of extraction solvent (0.1 N HCl) to sample weight (usually 10.0 g) were well mixed, pH adjusted to 3 § 0.5 and boiled for 5 min. If necessary, samples were pH adjusted again and then centrifuged for 15 min at 4000£g. The resulting supernatant was passed through a 0.45 m mixed cellulose ester syringe Wlter (Millipore Corp., Bedford, MA, USA) and frozen at ¡20°C until analysis.
The concentration of PSTs was determined using a receptor-binding assay described in Trainer and Poli (2000) . In this assay, scintillation spectroscopy was used to quantify the competitive displacement of toxin in the sample by [
3 H] saxitoxin (STX; Amersham, Buckinghamshire, England) bound to sodium channel receptors (prepared from rat brains; Pel-Freez Biologicals, Rogers, AR, USA). The concentration of toxin in the sample was determined by comparing the membrane-bound radioactivity to standard curves, which were generated for each assay run using a certiWed STX standard (National Research Council of Canada, Institute for Marine Biosciences, Halifax, Nova Scotia, Canada). Because this assay does not distinguish between diVerent PST analogues, but rather determines the biological toxicity of the sample relative to that of the standard, the resulting concentrations are given in STX equivalents (STXeq). The lower limit of detection was determined to be 4.4 g STXeq 100 g ¡1 for animal tissues and 3.0 ng L ¡1 for water samples. Spike and recovery experiments were carried out in triplicate for sardine viscera and crab hepatopancreas and resulted in means of 83.6 § 5.3 and 87.4 § 23.8% for each matrix type, respectively.
Results
Presence of A. catenella and particulate PSTs
Over the 3-year study period in Monterey Bay, the density of A. catenella ranged from not detected to a maximum of 17,387 cells L ¡1 nearshore at SCW and 16,707 cells L ¡1 oVshore at M1 (Fig. 2) . During this time, A. catenella was detected in 55% (n = 307) of surface water samples and was observed throughout the year (Table 1) . Although cells were routinely present, 82% of the time they were detected at low cell densities (<1,000 cells L
¡1
). In 2003, peak abundances were observed in the fall (October) and were concentrated nearshore (SCW), in contrast to 2004 and 2005 when the highest densities occurred in the summer (June, July) and were present at both SCW and M1 (Fig. 2) . In general, A. catenella exceeded 1,000 cells L ¡1 more frequently at SCW, and in most cases, 1-2 weeks prior to reaching comparable levels at M1.
Particulate PSTs were also detected in more than half of the samples (51%, n = 221) analyzed for both cells and toxin (Fig. 2) . In 1/5 of the samples A. catenella was present, yet no particulate toxins were detected; all of these, however, were <1,000 cells L ¡1 and all but Wve <100 cells L ¡1 . There were ten occasions when PSTs were measured in the particulate fraction, when cells were not detected in the water column. The low range of particulate toxin in these ten samples (3.2-14.0 ng STXeq L ¡1 ) implies that cell densities were also low and likely below our level of detection (100 ml analyzed for cell counts and 1,000 ml for particulate PSTs). The maximum particulate toxin concentration measured during the study interval was 962 ng STXeq L ¡1 at M1 and corresponded with the maximum cell abundance at that site (Fig. 2) . Interestingly, the highest concentration at SCW was signiWcantly lower, 123 511 ng STXeq L ¡1 , and occurred at only a moderate cell density, 1,150 cells L ¡1 . Unlike the highest cell densities at M1 and SCW, which occurred in consecutive summers, the highest particulate toxin concentrations at the two sites occurred in consecutive weeks in the summer of 2004. Linear regressions examining the relationship between A. catenella and particulate PSTs at SCW and M1, both show a signiWcant positive correlation between cell abundance and toxin levels (SCW: n = 137, r = 0.49, P < 0.01; M1: n = 84, r = 0.93, P < 0.01). The results of these regressions suggest that oVshore cells are producing more toxins per cell on average than those at SCW. However, caution needs to be taken in the interpretation of this data due to the potential presence of PST containing zooplankton in our samples.
PSTs in the food web
Sentinel mussels
Paralytic shellWsh toxins were detected by mouse bioassay in 50 of 126 mussel samples collected at SCW between 2003 and 2005. Of those samples, seven exceeded the regulatory limit of 80 g STXeq 100 g ¡1 and occurred during two discrete events in the summers of 2004 and 2005. An examination of the weeks preceding these samples shows that toxin was detected in mussels, a minimum of two consecutive weeks prior to exceeding the regulatory limit and that cell densities over 1,000 cells L ¡1 were detected at least once during that time ( Table 2 ). The A. catenella densities that correspond with these samples also indicate that elevated . catenella began to appear at high concentrations in June, coincident with a high proportion of "below regulatory limit" mussel samples, and then remained high through July, the month with the highest proportion of "above regulatory limit" mussels. Particulate toxin concentrations during these two events ranged from 6.8 to 511 ng STXeq L ¡1 in 2004 and from 4.3 to 214 ng STXeq L ¡1 in 2005. The remaining 43 samples, that were positive for PSTs were below the regulatory limit and were distributed widely across seasons; in these 3 years, March was the only month in which PSTs were not detected.
Aside from the two prominent events in June-August 2004 and July 2005 when shellWsh levels were above the regulatory limit, there were several other isolated events when mussels contained PSTs for multiple weeks, but remained below the regulatory limit. These occurred in ), yet mussels did not exceed the regulatory limit. The other exceptions occurred in October/November 2003 and September/October 2005 when A. catenella densities were elevated for three consecutive weeks (up to 3,380 and 5,270 cells L ¡1 , respectively), but in this case, particulate PST concentrations never exceeded 46.5 ng STXeq L ¡1 . These results suggest that in order for mussels to exceed the regulatory limit they must, over a minimum period of 2-3 weeks, be exposed to high cell counts that are associated with moderate to high particulate PSTs concentrations.
Planktivorous Wsh and XatWsh
Of the 11 Wsh species sampled in this study, PSTs were most commonly detected in the viscera of PaciWc sardines and northern anchovies (Fig. 3) . Toxins were present in 14 of 21 sardine samples ranging from 4.7 to 250 g STXeq 100 g ) oVshore at M1 (Fig. 2) and coincided with a period of positive shellWsh toxicity at SCW (Fig. 3) . The only positive herring sample (n = 3) was also collected on this date, but the concentration was much lower than in sardines, 13.3 g STXeq 100 g ¡1 (Table 3 ). The maximum level of PSTs in anchovies, 23.2 g STXeq 100 g ¡1 , was observed 1 week later on 27 July 2004. The occurrence of PSTs in planktivorous Wsh is positively correlated (n = 46, r = 0.46, P < 0.01) with the presence of cells in Monterey Bay (average of M1 and SCW), however the predictive relationship between cell numbers and viscera toxin concentrations is poor. This likely results from the fact that, like mussels, Wsh accumulate PSTs over a period of days to weeks and so the abundance of cells on or near the sampling date may not accurately reXect the preceding exposure period. Compounding that aVect phytoplankton abundance is patchy by nature, so the cell densities at M1 and SCW may not be an accurate estimate of the feeding grounds of these wide-ranging Wsh.
There were six occasions when both anchovies and sardines were sampled on the same date (Table 3) . Aside from 123 the sample collected on 23 July 2004, when sardines had a much greater concentration of PSTs than anchovies, the diVerences in gut toxin levels between the two species are minimal. Unfortunately, the small sample size (n · 7) does not permit an informative statistical comparison. There were no instances when toxin was detected in one species, but not the other. One sample of English sole (10 Jun 2003) was positive for PSTs, though the concentration was very low, 4.5 g STXeq 100 g ¡1 , and bordered our detection limit. The week of this sample, A. catenella was not detected at M1 and reached only 500 cells L ¡1 at SCW. Though a low cell count, we observed similar cell abundances that were associated with low levels of PSTs in sentinel shellWsh. No toxin was detected in any other XatWsh sample caught in 2003 (n = 61).
Rock crabs
Between September 2004 and August 2005, PSTs were detected in the hepatopancreas of both brown and red rock crabs (Fig. 4) . A total of 13 brown rock crab (n = 19) and 6 red rock crab (n = 10) samples contained measurable PSTs that ranged from 4.5 to 49.3 and 4.5-23.8 g STXeq 100 g ¡1 , respectively. The highest concentration in brown rock crabs, 49.3 g STXeq 100 g ¡1 (24 February 2005), occurred in a single crab that was collected during a period of persistent low density A. catenella at SCW and following two consecutive weeks of low toxicity sentinel mussels (below regulatory limit). The majority of red rock crab samples were either below the toxin detection limit or had very low concentrations. In contrast to brown rock crabs, PSTs were not detected in mussels nor were A. catenella cells present during the week of the maximum red rock crab concentration, 23.8 g STXeq 100 g ¡1 (4 August 2005). It is worth noting, however, that 2 weeks earlier, on 20 July 2005, the concentration in sentinel mussels peaked at 232 g STXeq 100 g ¡1 , the highest level in SCW mussels that year.
On seven diVerent dates, both brown and red rock crabs were collected (Table 4) . Paralytic shellWsh toxin concentrations were greatest in brown rock crabs on six of the seven occasions and as much as tenfold higher than that detected in a co-occurring red rock crab. This may suggest that brown rock crabs accumulate higher levels of PSTs than red rock crabs, although statistical signiWcance is limited by the small sample size and further data are needed in order to substantiate this hypothesis. Nonetheless, these data demonstrate that both crab species are capable of acquiring PSTs and that these toxins are present in nearshore-benthic food webs.
Discussion and conclusions
The transfer of PSTs to higher trophic levels has been well documented in many regions of the world (for an extensive 123 review see Lansberg 2002), but in California, there is virtually no knowledge of the pervasiveness of PSTs in the food web. In this region, the only organisms known to routinely accumulate these toxins are Wlter-feeding bivalves and the common sand crab, E. analoga (Sommer 1932; Sommer and Meyer 1937; Price et al. 1991; Bretz et al. 2002) . Over 3 years of Weld observations, we have determined that PSTs produced by A. catenella are acquired by at least three species of planktivorous Wsh and two species of rock crab in Monterey Bay. These results conWrm that PSTs are in fact present in pelagic food webs and that nearshore-benthic predators are capable of becoming contaminated. Since A. catenella can be found in the Bay throughout the year (Table 1) , there is potential for these organisms to accumulate PSTs at any time. However, it is most likely to occur during the summer when peak cell densities are observed (Fig. 2) , an observation consistent with the historical records of PSTs in sentinel shellWsh (Sommer and Meyer 1937; Price et al. 1991) .
Although the concentrations of PSTs in the viscera of planktivorous Wsh samples were typically low, their frequent presence (56% of total samples, n = 45) clearly shows that exposure to and uptake of PSTs is common in Monterey Bay when A. catenella is present. In all instances of positive Wsh samples, PSTs were also present in sentinel mussels (Fig. 3) , suggesting that nearshore mussels may be an adequate indicator of PST presence in Wsh, even though they are able to forage further oVshore. Based on our observations of A. catenella, a probable explanation is that high cell densities occur more frequently and tend to Wrst peak nearshore at SCW, as compared to our oVshore site (Fig. 2) . As a result, mussels collected nearshore would tend to acquire PSTs at the onset of an A. catenella toxin event in Monterey Bay, and prior to oVshore Wsh populations.
Currently, there are no regulatory mandates in California for PSTs in Wsh, nor is there any evidence of PSP related Wsh kills. Interestingly, a similar productive upwelling system in South Africa (the Benguela Current) has experienced sardine (S. sagax) mortalities related to A. catenella, and the safety limit for Wsh harvesting used there is 80 g STXeq 100 g ¡1 of viscera (Pitcher and Calder 2000) . In at least one mortality event in that region, sardine stomach contents contained between 60,000 and 80,000 A. catenella cells and toxin levels just exceeded the harvestable limit, leading the authors to conclude that these Wsh are highly sensitive to PSTs (Pitcher and Calder 2000) . In this study, we detected PSTs over 80 g STXeq 100 g ¡1 only once in sardines (250 g STXeq 100 g ¡1 ). One critical diVerence between the two regions is that the density of A. catenella reportedly reaches up to 150,000 cells L ¡1 in South Africa 123 (Pitcher and Calder 2000) , 1-2 orders of magnitude higher than maximum values typically present on the California coast. Despite this contrast in maximum cell densities, it is still possible for a large number of A. catenella to be ingested by sardines in Monterey Bay. Using reported Wlter-feeding clearance rates for S. sagax feeding on phytoplankton (low estimate 0.28 L Wsh ¡1 min ¡1 ; van der Lingen 1994), we calculated that, at densities of 1,000 cells L ¡1 , 60,000 A. catenella could potentially be consumed in as little as 3.6 h. Since these are modest estimates of feeding rates and cell densities, this would suggest that Monterey Bay sardines could easily ingest the number of cells that were associated with Wsh kills in South Africa when A. catenella are present. Moreover, the mere presence of PSTs in sardines and anchovies demonstrates that these toxins are moving through local food webs in a similar fashion to that found in other regions in which PSP events have aVected Wsh.
Sardines and anchovies are both omnivorous Wsh capable of feeding directly on phytoplankton or zooplankton and, though they have similar diets, there are subtle diVerences in their feeding behaviors that may result in the diVerential accumulation of algal toxins. Lefebvre et al. (2002b) observed a signiWcant diVerence in the uptake of DA between sardines and anchovies, with anchovies being the more potent of the two vectors. In the present study, the opposite was true and the concentration of PSTs in sardines was always higher than that in anchovies, though the diVerences were small in all but one case (Table 3) . Unfortunately, our small sample size limits our conclusions, and so it is not yet apparent if a similar trend would occur with PSTs preferentially accumulating in one species. However, we propose a hypothesis that may explain the apparent contradiction. That is, that toxin accumulation in sardines and anchovies will depend on (1) toxin levels in diVerent plankton size fractions and (2) sardine and anchovy feeding behavior. An interesting pattern observed by van der Lingen (2002) , and suggested to be consistent across upwelling regions, is that sardines tend to feed on smaller organisms closer to the base of the food web as compared to anchovies. If feeding directly on the phytoplankton indicates a higher likelihood of acquiring algal toxins, as suggested by Lefebvre et al. (2002b) for anchovies during diatom blooms, then sardines, rather than anchovies, are more likely to acquire toxins in general. Though, that matter is further complicated by the high variability in plankton size and composition in nature, which also aVects feeding behavior and clearance rates in these Wshes (Koslow 1981; van der Lingen 2002; van der Lingen et al. 2006; Garrido et al. 2007) . Thorough investigations by Doucette et al. (2005) on PST levels in diVerent plankton size fractions shows that any of the Wve plankton size classes they tested could act as an initial vector introducing toxin into the food web. Therefore, the size fraction that contains the greatest toxin levels will dictate which of the two species will ingest more toxins. For example, if the size fraction containing small zooplankton (e.g. <500 m) contains the highest toxin concentrations, then we would predict sardines would acquire more toxin than anchovies, as the former demonstrate higher clearance rates at this prey size (<580 m; van der Lingen et al. 2006) . Furthermore, van der Lingen et al. (2006) make a compelling argument that physical conditions (e.g. cold mixed vs. warm stable water column) lead to predictable planktonic communities (e.g. large diatoms vs. small Xagellates) that favor either anchovies or sardines, respectively; this may provide an explanation as to why anchovies are the dominant vector of the diatom-produced toxin DA (Lefebvre et al. 2002b) , whereas sardines appear to uptake more dinoXagellate-produced PSTs. Needless to say, several factors will contribute to the diVerential accumulation of PSTs in these Wsh.
During the year we investigated XatWsh, we did not detect signiWcant levels of PSTs in any of the samples. In general, 2003 was a year of only moderate A. catenella densities and low PSP activity in shellWsh, and it is likely that if this trophic level were aVected at all, it would occur during a large-scale PSP event. There is at least one report in which Alexandrium was implicated in a XatWsh mortality event in Norway (Tangen et al. (1992) in Lansberg (2002)) and since XatWsh are known to accumulate DA in Monterey Bay (Lefebvre et al. 2002a; Vigilant and Silver 2007) it is possible that PSTs may also be present in these Wsh at times. Vigilant and Silver (2007) propose hypothetical benthic and pelagic pathways that could result in the presence of DA in XatWsh; the same or similar pathways could also lead to PST uptake. Benthopelagic-feeding Wsh, i.e. bottom dwellers that feed in the pelagic zone, could directly obtain PSTs by feeding on pelagic vectors like planktivorous Wsh or zooplankton (White 1980; Turner et al. 2000; Doucette et al. 2005 ; this study). Benthic-feeding XatWsh could acquire PSTs in two ways, either by indirectly ingesting sediment containing Xocculated A. catenella cells, resting cysts or PST-contaminated fecal pellets, or alternatively, by the direct consumption of PST-contaminated benthic invertebrates (see Fig. 2 in Vigilant and Silver (2007) for a detailed diagram). While we currently don't know whether local benthic invertebrates other than sand crabs (Sommer 1932; Bretz et al. 2002) and rock crabs (this study) contain PSTs, many benthic organisms do prey directly on bivalves and thus may become toxic by this route. A further investigation of XatWsh during a large-scale PSP event is necessary to determine whether PSTs are reaching this trophic level in California.
From September 2004 to August 2005, we tested for the presence of PSTs in brown and red rock crabs caught at SCW. As with planktivorous Wsh, PSTs were routinely 123 detected in the hepatopancreas of rock crabs (69% of total samples, n = 29), but at relatively low concentrations, <50 g STXeq 100 g ¡1 (Fig. 4) . In Washington, JonasDavies and Liston (1985) report PSTs produced by A. catenella (formerly Gonyaulax catenella) in both the viscera, 285 g STXeq 100 g ¡1 , and muscle tissue, 27 g STXeq 100 g ¡1 , of red rock crabs (C. productus). While we did not detect levels this high in the hepatopancreas, this demonstrates that red rock crabs can accumulate dangerous levels of toxin. Both crab species are carnivorous predators and scavengers that feed on a variety of invertebrates (Carroll and Winn 1989) , including shellWsh, which are thought to be the primary vectors of algal toxins to scavenging crustaceans (Shumway 1995; Torgersen et al. 2005; Sephton et al. 2007 ). Because PSTs were usually present in sentinel mussels the same week as, or just preceding, the weeks our rock crab samples contained toxin, we speculate that contaminated bivalves are the most likely vectors of PSTs to the crabs collected in this study. There were instances, however, when sentinel mussels were negative and we did detect PSTs in rock crabs (Fig. 4) . In most of those samples, the concentrations measured by receptor-binding assay in the crabs were either very low (<15 g STXeq 100 g ¡1 , well below the detection level of the mouse bioassay) or occurred shortly after the mussel toxin levels had fallen below the detection limit. Furthermore, the elimination of PSTs from the hepatopancreas in other species of crabs and lobsters is thought to occur slowly, taking a period of weeks to months to fully eliminate the toxins (Haya et al. 1994; Desbiens and Cembella 1997; Oikawa et al. 2005; Jester et al. 2008b ). The retention of PSTs by rock crabs, if similar to other benthic crustacean species, may also explain why toxins are still present after sentinel mussels have fallen below the detection limit.
While brown and red rock crabs make a small contribution to both a commercial and recreational Wshery in California (Carroll and Winn 1989) , the presence of PSTs in these crabs suggests that the toxins may also be present in other commercially valuable species, e.g. Dungeness crab (Cancer magister). Along the North American west coast, Dungeness crabs do acquire PSTs (Washington Dept. Soc. Health Services 1980 in Shumway 1995) and the Alaska Division of Environmental Health has set a harvestable limit at 70 g STXeq 100 g ¡1 in the viscera-lower than the FDA limit used for shellWsh, to allow a buVer for response time (Alaska Department of Environmental Conservation 2007). Monterey Bay represents the southernmost range of the $45 million Dungeness crab Wshery in California, and the general presence of PSTs in Cancer spp., as tested in this study, suggests PSTs may potentially reach Dungeness crab in this region as well.
A comparison of the two species of rock crab collected on the same date implies that brown rock crabs acquire PSTs more often than red rock crabs. Because of the small sample size, this observation cannot be statistically validated, however, there does not appear to be any signiWcant diVerence in feeding behavior between brown and red rock crabs (Carroll and Winn 1989) , and studies on the diet of these two species are minimal. Highly variable feeding behavior has been noted among individuals of the same species in laboratory feeding trials involving crabs (Oikawa et al. 2005; Jester et al. 2008b) , and this variability would thus demand larger sample sizes than those available to us to demonstrate species diVerences.
Our Wndings show that PSTs are present in Monterey Bay food webs to a greater degree than previously known and may indicate that other parts of the coast are similarly aVected, especially regions thought to be PSP "hot spots" (e.g. Marin County; Price et al. 1991; G. Langlois, personal communication) . The California coast is host to a diversity of wildlife and important commercial Wsheries, and elevated levels of PSTs could have serious ecological and economic consequences. With regard to human health concerns, the PST levels we found in WnWsh and rock crabs were typically low in the viscera and, therefore, not likely to be in muscle tissue, the most commonly consumed part of these animals. Individuals that would be at the greatest risk are recreational or subsistence Wshers, among those are certain ethnic groups that often consume the entire organism, including the viscera (Fire and Silver 2005). Although there have yet to be any large-scale PSP events involving animal mortalities or human illnesses related to Wsh or crustaceans in California, the occurrence of signiWcant Wsh kills, marine mammal deaths and PST-contaminated crustaceans along the coasts of eastern North America and western Africa demonstrate that PST vectoring by organisms other than shellWsh is a valid concern (White 1977 (White , 1980 Geraci et al. 1989; Reyero et al. 1999; Pitcher and Calder 2000; Sephton et al. 2007 ). In California, sardines and anchovies are an important prey item for a variety of marine organisms, including sea lions, whales and sea birds; given the eYciency with which these Wsh vector DA, it is probable that their predators are at times exposed to PSTs (Work et al. 1993; Lefebvre et al. 1999; Scholin et al. 2000) . Among the common predators of rock crabs that may be exposed to PSTs via trophic transfer are benthic Wshes, cephalopods, bottom-foraging sharks and sea otters, the last of which certain individuals have been noted to speciWcally target Cancer spp. (Carroll and Winn 1989; Estes et al. 2003) .
The occurrence of PSP-related animal mortality events in other regions with similar levels and frequency of shellWsh toxicity events presents a conundrum as to why animal intoxication or deaths have not been observed in California. As PSP events are typically rare and/or sporadic in nature, it is possible that such an occasion may have been missed.
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It is more likely though, that a large-scale mortality event has simply yet to occur along the California coast. The results reported here, however, may allow predictions about potential routes of toxin transfer to higher trophic levels in a region that routinely experiences the presence of A. catenella and frequent PST toxicity in shellWsh.
